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Introduction

Contract Summary Report
Contract DAAA21-93-D-0001

Task Order No. 0001

Development of Alternate 7.62mm Tracer Formulations

Task Order No. 0001, Development of Alternate 7.62mm Tracer Formulations,

addresses several shortcomings of the currently fielded red-orange bullet tracers,

including performance in adverse weather conditions and performance with night vision

equipment. The effort that was required consisted of: the design and development of

one tracer formulation, suitable for the 7.62mm NATO tracer round, for each of four

specified spectral frequencies.
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Section 1

Summary

The synthesis of each of the specified tracer colors, was performed using an
understanding of the chemistry of pyrotechnics as well as military operational
requirements. As various combinations of chemicals combine in an exothermic
reaction, different colors are emitted in a predictable way and it is possible to predict,
with a reasonable level of certainty, the relative intensity and color purity associated
with each of the formulations. The results of this task were very positive, in that all of
the objectives were met. In order to develop the required formulations, and to validate
the chemistry of the chemical constituents, each of the colors was realized by at least
four different formulations. Each of these formulations has certain advantages and
disadvantages that are discussed in this report. In order to satisfy the requirements of
the Statement of Work, one formulation for each of the four colors was selected as the
recommended output of this task. However, the other formulations may have certain
advantages, and their characteristics and performance are reported.

The tracer color requirements were specified in two ways. First the color to be
observed was specified, relating to visual perception by a human observer; and then a
wavelength region was specified. This implied two related constraints on the tracer
output - a quantitative and a qualitative requirement. In the case of the one infrared
tracer, the spectral region was the only stated requirement.

In order to quantify the characteristics of the tracer formulations, several
dedicated tracer spectrometers were designed and constructed, and used to record
the characteristics of the tracer outputs with a digital oscilloscope that recorded the in-
band intensity and burn time to a DOS compatible format that was then used to
generate graphs. At the same time, visual observations were noted.
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Section 2 of this report discusses the relevant chemistry of pyrotechnic

phenomena that yields the desired colors. This discussion considers the balance

between the electron transitions that produce specific colors, and the black body

radiation which produces various intensities, depending on the burn temperature and

emissivity of the mixture. This section discusses how the mixtures for the specified

colors were derived, and what the tradeoffs were. This discussion of tracer chemistry

is related to the discussion in Section 3, which addresses several issues related to

color perception and the human visual system. It is important to understand the

differences between color perception in full daylight and at night, and how the

sensitivity to the human eye is related to the color. One important fact that is pointed

out in this section is that the eye is considerably more sensitive to yellow and green
than to red, although the chemical phenomenology emits more energy in the red

portion of the visible spectrum.

The procedures that was used to fabricate the actual tracers that were tested

are described in Section 4. This includes a discussion of the tooling that was

constructed to fabricate pellets and to then insert the pellets into the tracer cavity. The

procedures that were followed were designed to simulate actual firing conditions as

closely as possible. The simulated bullet had a cavity the same size as the 7.62mm
tracer round, and was designed to be spun in a fixture at approximately 21,000 rpm,

with air blowing by in order to reasonably simulate atmospheric boundary conditions

for actual projectile flight.

The most important issues are those that relate to the quantitative evaluations of
tracer performance and how they relate to visual perception. Section 5 addresses

how the human eye perceives colors from the point of view of the radiometry of

tracers. This section also describes the instrumentation we used to measure the

absolute in-band radiation in the specified spectral regions, how this equipment was

calibrated, how we made the measurements (both statically and spinning) and the
results we obtained for each formulation that was tested. It is important to note that

there are several discrepancies between visual perception and the spectral regions

that were specified, and we feel this is an area that warrants further investigation.

SAA
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The observations and results for each of the four colors are summarized and

discussed in Section 6, where the best mixture is selected. When we analyze the

burn times and intensities, it is not always clear which is the one best mixture, and the

reasoning that has led to our choice is discussed.

Section 7 then looks at the work that was accomplished and where additional

investigation is advisable before a product decision is made. Several specific

recommendations are made.
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Section 2

Issues Relating to the Synthesis of Distinct Colors

1. Theory of the Production of a Colored Flame

Making colored light from the combustion of a pyrotechnic mixture involves

providing for a material which when present in the combustion products of the flame

will be thermally excited to emit photons in the desired electromagnetic spectrum.

From a practical applications point of view, this can be a somewhat complicated

process, since many of the materials identified to be suitable colored light emitters

exist briefly only as byproducts of combustion. In addition, too cool a flame

temperature may not provide enough thermal energy to cause the material to emit

light; too hot a temperature may cause the material to decompose in the flame

resulting in reduced colored light output; and the reaction of other materials in the

flame may result in blackbody radiation and the subsequent emission of white or other

undesirable spectral bands which may overpower and obscure the desired flame

color. Pyrotechnicians have identified many molecules and atoms which, when

present in a flame of appropriate temperature, will emit light of a particular frequency.

Figure 1 shows a chromaticity diagram1 with flame spectra of fireworks compositions.

The molecules along the perimeter of the diagram are those which must be present in

the flame to give the color within the identified bandwidths.

Practical colored light emitting pyrotechnic mixtures typically contain a mixture

of an oxidizer, metallic fuel, and a small amount of organic fuel. The oxidizer is a salt

molecule which contains oxygen to sustain combustion and the metallic atom

responsible for the characteristic color output. An example is Strontium Nitrate --

Sr(NO) 2. Its active ingredients are oxygen and strontium. Referring to figure 1,

strontium, when combined with chlorine in the combustion flame forms SrCI, which

emits red light in the spectral band between approximately 6150A to 6400A. To

'Shimizu, Dr. Takeo Fireworks From a Physical Standpoint, Part II, Pyrotechnica Publications, 1983.
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Fig. 1 -- Chromaticity diagram with flame spectra of Pyrotechnic compositions (from

Shimizu pg-.82)

sustain combustion of the mixture and to provide heat energy to excite the color

emitting molecule, a metallic fuel is normally included. These metallic fuels include

magnesium, aluminum, and occasionally zirconium. These fuels, in finely ground or

powder form are very reactive to the present of an oxidizing agent, such as the

oxygen present in the oxidizer salt. Above a certain temperature, the ignition

temperature, the oxidizer decomposes to releasing oxygen, which then reacts quickly

with the metallic fuel in the mixture, in an exothermic reaction.
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An oxidizer and metallic fuel alone, however, do not make a practical

pyrotechnic for the purposes of producing colored light. The reaction is too energetic,

consuming all materials in one big puff of white light -- white light being the

characteristic output of MgO, for example. In- the case of Strontium Nitrate and

Magnesium, a chlorine donor must be provided for in the mixture so that SrCl can

form in the flame. In addition, the flame must be cooled so that the white light of MgO

does not overpower the desired red light, and the reaction rate must be mitigated so

that the mixture has an appreciable burn time. To achieve this, an organic fuel,

containing for the most part chlorine, is also provided for in the mixture.

Polyvinylchloride (PVC -- CH2 :CH.Cl) is a typical ingredient in colored light for this

purpose.

To further reduce the undesirable white light output resulting from the metallic

fuel reaction, other organic fuels are helpful, as well as the presence of a small amount

of unique oxidizer salts. Excess chlorine in the mixture will force the magnesium to

react with chlorine and less so with oxygen. Since MgCl reactions are invisible, less

white light output is realized. To this end, perchlorate (-C004) and chloride (-CIO3)

oxidizers as well as high chlorine content organic fuels such as hexachloroethane

(C2CI6) are useful. Some organic fuels, such as shellac (C16H260 4) contain their own

oxygen supply, as well as hydrogen which produces a colorless flame, and sustains

combustion without the presents of a metallic fuel. A reducing agent in the mixture

can also reverse the MgO reaction limiting the presence of that molecule in the plume.

MgO will react with carbon to produce Mg gas and carbon monoxide without visible

light output. Oxidizers with the reducing carbon atom are the oxalates (-C204) and

carbonates (-C03). Dechlorane (C10C112) is a high carbon organic fuel, which also has

high chlorine content as well. The carbonates and oxalates are less reactive, in the

same sense that organic fuels cool the flame, reduce energy output, and affect burn

rate. Therefore, judicious proportions of each should be used or the flame may not

ignite or sustain desired combustion. Figure 2 shows ignition and burning tradeoffs

for a typical pyrotechnic composition based on the proportions of oxidizer, metallic

fuel, and organic fuel.

SAA
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Fig 2 -- Useful regions for red flame color using strontium nitrate as an oxidizer

(Shimizu' pg. 89)

2. Application of the Theory to the Development of Alternate Color Tracer

Formulations for 7.62mm Ball Ammunition

Developing alternate color tracer formulations builds upon the practical nature

of the colored flame theory we have discussed. However, packaging restrictions

placed on tracers within the base of the bullet are demanding, and can limit the
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performance. In the case of the caliber 7.62mm bullet, the tracer should provide

visible light to an effective range of about 900 yards which translates into a burn time

of approximately 1.6 seconds. Ideally, the tracer formulation should maximize its light

energy output during this burn time so that excess tracer volume within the bullet has

not been wasted. Development of such an optimized tracer formulation is outside the

scope of this task. However, factors affecting tracer performance were considered
when preparing and testing candidate formulas so that a good feel for the optimizing

parameters could be developed. Oxidizer-fuel ratio is one of the major parameters

affecting tracer burn time and intensity. Aside from too much of one or the other

making the tracer mixture un-ignitable or unable to sustain combustion, within

workable proportions, more organic fuel increases the burn time and decreases the

intensity by cooling the flame, while more metallic fuel to oxidizer gives the opposite

effect by generating greater heat output. Therefore, there can be several competing

reactions within the combustion.

Since the formulas are at least three component mixtures, understanding the

relative proportions of each active ingredient is important. One only has 100% of the

weight of the mixture to partition among the constituents. Therefore, knowledge of the

percent weight of chlorine, carbon, oxygen, or color emitting species within each

material is important. Table 1 presents the relative oxygen content for oxidizers

considered in this task, grouped as applied to their primary tracer color formulation.

Table 2 presents organic fuels and the content of their available chlorine and carbon

reducing agent.

The color emitting oxidizers in Table 1 where chosen based on their primary

spectra output as shown in Figure 3-a,b,c, namely the strontium, barium, and sodium
spectra. The desired spectra band for the yellow tracer formulation is .5770-.5830

microns. As shown in Figure 3-c, atomic sodium emits generously within this

bandwidth. One of the unique advantages of the yellow sodium flame is that it is

generated by the excitation of atomic sodium as opposed to a sodium containing

molecule. Therefore, maintaining a cooler flame temperature is not a requirement,

since there is no molecule to breakdown at high temperature. The hotter is the flame,

the greater the intensity of yellow light output. One only needs to avoid too much heat

which will generate white light from black body emissions.

SAA



S. Adelman Associates

Table 1 -- Oxygen Content of Color Emitting Oxidizers

Red
Oxidizer Molecular Weight % Oxygen

Strontium Nitrate Sr(NO92  212 45
Strontium Peroxide SrO2  120 27
Strontium Oxalate SrC20 4  176 36
Lithium Nitrate LiNO3  69 70

Green

Barium Nitrate Ba(NO) 2  261 37
Barium Peroxide BaO2  169 19
Barium Oxalate BaC20 4  225 28
Barium Chlorate Ba(Cl03)2  304 32

Yellow

Sodium Oxalate Na2C20 4  134 48
Sodium Nitrate NaNO3  85 56
Sodium Perchlorate NaClO4  122 52

.Inrae

Potassium Nitrate KNO3  101 48

Table 2 -- Chlorine/Carbon Content of Organic Fuels

Cl/C Donor Molecular Weight % Cl % C

Shellac C1 6 H 2 60 4  266 0 72
Hexachloroethane C2C16  237 90 10
PVC CH2:CH.Cl 63 56 38
Dechlorane CIoC112  545 78 22

SAIA
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Figure 3 a,b,c (Shimizu 2  pg. 59-62)

The desired spectra for green is .4925-.5725 microns, which is broadly covered

aO, and covered in the lower end of the spectrum by BaCI. BaO will result in a

Scontaining no Chlorine or hydrogen chloride gas. Therefore, the tracer mixture

ot contain an organic fuel or oxidizer containing chlorine. This will then require

he undesirable white light of the MgO reaction is mitigated solely by the reducing

mizu, Dr. Takeo, Fireworks, The Art Science and Technique, Pyrotechnica, 1981
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agent carbon. Although theoretically possible, it is unlikely that the flame will have

acceptable color quality. For this reason, green tracer formulations concentrated on

the BaCI spectrum.

The strontium spectra is dominated by the strontium hydroxide band, without

C12 or HCI, and the strontium chloride band, with C12 or HCI in the flame. As with the

Barium spectra, generating red light by the formation of SrOH is less practical than

SrCl. However, both bands are below the desired red tracer spectrum of .6500-.6900

microns, SrCl less further below than SrOH. The decision was made to test a

strontium chloride based tracer mixture anyway, since there may be significant spill-

over into the upper wavelengths, and no alternative could be identified. Fortunately,

this was the case. However, it raises the question of whether light intensity at the SrCl

wavelengths would have been significantly greater than the measured intensity at the

desired wavelength of the tracer.

The infrared tracer formulation development presented unique requirements not

generally addressed by the pyrotechnic community at large. Therefore, an hypothesis

concerning the formation of purely infrared emissions, without the presence of visible

light, was developed based on black body radiation theory, and general pyrotechnic

chemistry. Figure 4 presents blackbody radiant intensity with respect to temperature.

The requirement was for the tracer to maximize output at the 1.50-2.50 micron region,

which can be estimated to be within a temperature range of approximately 1300 K to

1200 K, or about 1000 to 900 C, roughly.

Although this temperature range may be casually interpreted to be characteristic

of a very hot flame, the opposite is actually true with respect to pyrotechnic

formulations. Figure 5 shows the temperatures of several high temperature classes of

flames. The desired infrared range is significantly below the flame temperature of

ordinary tracer and flare formulations. This knowledge, coupled with the

understanding that visible light output is normally the smallest proportion of energy

radiation during combustion, leads one to the conclusion that an effective IR tracer will

be one based on a relatively cool burning tracer formulation. A cool burning flame

also has the advantage that white light output generated by high temperature

blackbody emissions will be minimized as will colored light output, which must have a

certain minimum heat energy to be activated as well.

1S
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range for the lR tracer requirement. For this reason, potassium nitrate is a candidate

lR tracer oxidizer, even though at high temperatures its emissions are characterized by

intense white light.

3600 s hellac or
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2800 I
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Figure 5 -- Temperatures of High Temperature Class flames (Shimizu2)
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Figure 6 -- fame Temperature for Potassium Nitrate and Shellac (ShimizA2
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Based on this information, tracer formulations were developed which would

maximize emission within the desired spectral band, enhance color quality through
reduction of unwanted light (primarily white), and maximize tracer efficiency by
achieving a burn time of approximately 1.6 seconds.

1AA
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Section 3

Color Perception. Radiometry, and
Tracer Color Properties

There are several perception related obstacles that affect the development of

alternate tracer colors. Fortunately they are both correctable to a degree. The first is
the dearth of quantitative spectral and power data on existing tracer formulations. The

development of these tracers was completed a number of years ago, in a very ad hoc
way, and it is difficult to understand exactly what their characteristics are and how they

will perform under different situations. The second issue is the uncertainties relating to

how the human eye and the optic nervous system perceive different colors, and the

fact that different individuals view colors differently.

Since tracers are meant to be viewed by human observers, the transfer function

.of the viewer (determined primarily by his ability to distinguish different colors) is

ultimately the most important factor of all. However, human color perception is very
subiective and difficult to quantify. In addition, the mechanism for distinguishing colors

is different in daylight and darkness. The retina of the eye contains two types of

photo-sensitive elements - "cones"' and "rods", with the cones predominating when the

eye is adapted to daylight and the rods predominating when the eye has adapted to
lower background illumination levels. The daylight response is known as photopic eye

response, and the night vision is referred to as scotopic eye response. Naturally, the

scotopic eye response is more sensitive, but it is important to understand that

scotopic color perception is poorer. That is - the eye response is more sensitive at
night, but the ability to separate colors is poorer. However, the eye is able to see the

longer red wavelengths better at night. Figure 7, shows the relative spectral photopic

and scotopic eye response of a typical human eye.

S6
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The exact, quantitative mechanics of human color vision are largely unknown,
but it has been determined that the response is shared by the photosensitive elements
in the eye and the brain. The leading theory is the trichromatic theory, which holds
that the retina of the eye consists of a mosaic of three different receptor elements.

Each element responds to a specific wavelength, corresponding to blue, green and
red light. These three elements, which appear to overlap considerably in responsivity,

are separately connected through nerves to the brain, where sensory perception of
color is derived by the brain's analysis of the relative stimulus from each of the
elements. It is the overlap, that may be different in different individuals, that results in
uncertainty in color perception.

Color is perceived as a conscious sensation in terms of at least three major
subjective attributes: luminance (or brightness), hue (the distinction between redness,
blueness, and yellowness), and saturation which results from color purity and freedom
from dilution by spurious white light. Therefore, there are uncertainties in the meaning
of color perception. These uncertainties mean that the only way to meaningfully
describe tracer performance is by specifying the spectral bandwidth, the output power
(in watts per steradian), and the required burn duration. These parameters then need
to be related to visual perception in a useful way, and this can be accomplished by
firing a statistically meaningful number of rounds under different conditions and having
a variety of individuals observe the colors under different conditions. Regardless of
how many rounds are fired, it is essential to develop a database of tracer formulations
that can then be used to compare different tracers, confirm specified operating

parameters, and perform lot checks during manufacturing. This is a meaningful
compromise to quantitatively specifying hue and saturation, as well as out-of-band light
energy.

This task order was prepared in a scientifically consistent manner in that
spectral bands as well as visually perceived colors were specified. This permitted the
required quantitative measurements to be made and compared to visual perception of
the specified colors.

SAA
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Looking at optical bands, and correlating to visual perception can be
ambiguous, however a reasonable summary of the specified bands and perceived
colors is as follows:

GREEN: .4925 - .5725 microns
This spectral region is large, and covers the green and part of the yellow

region of the spectrum. Because of the large portion of the spectrum that is
included, the amount of light energy emitted can be expected to be large.

YELLOW: .5770 - .5830 microns
The specified spectral width for this region is very narrow. The color

associated with this region is yellow, leaning toward the orange.

RED: .6500 - .6900 microns
This region is at the longer part of the red spectral region, and is

associated with a very deep red.

DIM TRACE: 1.50 - 2.50 microns
This is in the infrared portion of the spectrum and is completely invisible

to the unaided human eye. The only way to view energy in this spectral region
is with a detector that is designed to be sensitive to near infrared energy.

SAA

19


